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Abstract
Plant phenology has become popularize since the 1990s to help understand the effects of
climate change on vegetation, it is a way to study the patterns of leaf-out, flowering, and senescing
of the life-cycle of the plant. The timing from start of season (SOS) to end-of-season (EOS) of
plant leaf-out development has important implication on ecosystem productivity and carbon
cycling across ecological scales from individual trees to whole regions. The need for plant
phenology studies in dryland are highly anticipated, since they make up 40% of the terrestrial
landscape and recently have shown the play an important role in the trend and variability of carbon.
The main drivers of leaf-out phenology in drylands are complex to understand due to the high
spatial heterogeneity from plot to regional scales and variable precipitation patterns, increasing the
need for monitoring tools at different scales. Multiscale, long-term phenological monitoring
allows for the advancement of understanding these drivers and their mechanism. Ground level
phenology has its shortcomings in drylands, not only due to the harsh environments and the effort
to deploy individuals at the plot level in various regions thus enabling spatial distribution
inconsistencies, but also it involves different observers and methods adding more inconsistencies
in the quality of the data. Several national agencies like the National Phenology Network has
organized to improve on standardizing definitions but there are still varied definitions for
individuals stages that are adopted among different researchers. Remote sensing phenology, like
UAV and satellites, have gained importance in capturing the leaf-out times at different spatial and
temporal scales.
The purpose of this study is to discover new ways of measuring leaf-out transition cycle
patterns through the use of remote sensing like UAV by developing classification maps of the
study site and furthering the steps to scale plot and landscape. Plot level leaf-out patterns of
v

creosote and honey mesquite were recorded from 2010-2019 with different observer taking data
over the years and were explored against the temperature and precipitation. The results showed
that it was difficult to make a clear connection between the climate data and vegetation, especially
for the creosote due to high significant attribute of observer variability. However, temperature for
both species showed to be an important factor, but more analysis to see this clearly is still needed.
The classification map created through UAV/RGB sensor had a significant accuracy, enabling
further discovery to leverage this technique to accurately represent drylands within the broader
Earth System in understanding leaf-out development.
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1. Introduction
1.1 Definition and importance of phenology
Plant phenology, the timing of the plant’s life-cycle development, is a key terrestrial
monitoring tool in response to global climate change. More specifically, leaf-out phenology
development from start of season (SOS) to end of season (EOS) and its ability to correlate with
environmental variables makes it a critical tool for improving our understanding on the global
carbon cycle and how to mitigate climate change. Several studies point out that an earlier onset of
spring phenology has taken place in mid and higher latitudes and lengthening of the growing
season due to global climatic change from 1971-2000 (Menzel et al., 2006), but there is a higher
proportional lack of research in drylands. Leaf-out phenology in dryland ecosystems are crucial,
since they make up 40% of the global land surface and play a dominant role in the trend and
variability of the total terrestrial carbon uptake and storage (Ahlstrom et al., 2015). The process
of leaf-out phenology is a driver for terrestrial carbon uptake and remains a challenge to be
observed directly, due to a lack in quantifying these measurements and understanding the
mechanism.

Multiple studies highlight the need to link the causes of primary production

phenology patterns and the kind of response they have in ecosystem function (Kao et al., 2012,
Piao et al., 2019, Smith et al., 2019), in order to develop testable hypotheses that can improve our
understanding of desertification and its impact on the Earth’s System (Tang et al., 2016). The need
to develop comparable measurements from ground leaf phenology to landscape phenology is a
step to this goal.
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1.2 Biophysical controls of phenology
Recent studies have revealed the expansion on how ground and remote sensing phenology
has had major advances in understanding the trend of plant phenology, mostly being done in
temperate regions (Piao et al., 2019). In temperate regions, most species respond to a mixture of
factors that fall into three categories: (1) photoperiod, (2) winter chilling, and (3) concurrent
temperature and water conditions (Tang et al., 2016). In drier areas water availability, rising
temperature, and increase in extreme events are common features (Hoover et al., 2019). Over the
past century, surface warming in drylands has been 20-30% higher than humid lands, having the
potential to increase its terrestrial global surface by 11-23% by the end of this century (Hoover et
al., 2020).
A few studies have shown that drylands are typically governed by the timing and amount of
precipitation (Walker et al., 2015), making the links between ecosystem ecology and hydrology
very apparent. Luna (2006) found an early spring peak that precedes summer monsoon and is
proposed to depend on underground water storage provided by winter precipitation. Also, dryland
vegetation has adapted to the hot and dry weather by optimizing its root system laterally to
maximize water uptake when soil moisture is available (Renwick et al., 2019). This is evident by
its rapid burst of biological activity within a few hours to days after rainfall interrupts dry periods.
These fast-changing environmental cues are challenging to observe due to the complexity of these
areas with increase precipitation variability, patchy distribution of vegetation at different scales
(Walker et al., 2014, Smith et al., 2019), presence of photosynthetic soils, and a degree of plant
functional types found in these ecosystems. Therefore, linking leaf-to landscape scale phenology
is required in order to understand the vegetation dynamics in these regions and requires new and
simple tools in remote sensing.
2

1.3 Ground based-phenology
Closing the relationship between plot and landscape phenology first requires standardized
data across different study sites. Plot phenology standardized protocols are designed to quantify
the start, duration, and intensity of the life-stages of plants and animals. They are usually used to
record the timing of specific sites and species over long-term networks to investigate phenological
variations across a broad range of ecosystems, and their response to climate change. The National
Phenology Network (NPN; Denny et al., 2014) has developed a series of standardized protocols
for tracking plant growth and reproductive phenophase development for over 600 plant species
and multiple plant growth forms across the United States. These protocols characterize a
phenophase, which is defined by Denny et al. (2014) as an observable stage or phase in the annual
life cycle of a plant or animal that indicates a start and an end point. These protocols are
characterized by: (1) recording the time of the phenophase status of each sample plant (e.g., the
presence or absence of buds, leaves, flowers) throughout a time period, (2) intensity or percentage
of a phenophase in an individual plant, (3) tracking different and overlapping phenophases, (4)
recording of multiple individuals within a population, allowing several metrics from event-based,
status and intensity metrics. Event-based metrics records the start, peak, or end of the growing
season and are important indicators of climate change, the management of agriculture, and for the
evaluation of year to year variability and to identify environmental drivers ((Browning et al. 2017).
Status-based metrics answers “yes,” or “no” of a certain phenophase present through-out the year
and intensity metrics measures the abundance of a phenophase. These metrics are important
because it allows the quantification of phenology in order to bridge scales from plot to regional
and from a single day to multiple decades.
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1.4 Remote sensing phenology
Liu et al., (2021) have pointed to the uncertainty of ground based phenology data in forest
trees by measuring observer bias (low accuracy) and population sampling (low precision). Their
research found that observer uncertainty was the largest in identifying intermediate stages and
lowest in identifying the beginning and the end stages (Liu et al., 2021). This uncertainty in
ground-based phenology data make it difficult for data interchange and integration among
different regions or researchers. However, near surface cameras or unoccupied aerial vehicle
(UAV) technology have become important tools to approach this challenge. Integrating crossspatial scales from ground to remote sensing is part of an ongoing research endeavor at NEON.
Plot phenology data is needed as ground-validation for near surface remote sensing like eddycovariance towers, camera-based phenology and UAV.

Satellite remote sensing, like the

Advanced Very High Resolution Radiometer (AVHRR), has brought new ways of capturing
landscape phenology by detecting the timing of greenness-related vegetation indices using the
normalized difference vegetation index (NDVI), and has resulted in a paradigm shift of CO2
fertilization effect in drylands (Smith et al., 2019, Zeng et al., 2020). However, the coarse
resolution of satellite remote sensing under represents a more realistic vegetation dynamic,
especially true of drylands. The need for fusing different datasets of higher resolution and
temporal resolution makes RGB-UAV an interesting component, especially since it has a lower
cost than hyperspectral data and it is easier to deploy by an individual research team (Cunliffe et
al., 2021).
1.5 Goals & Objectives
The goal of this study is to evaluate decade-long phenology patterns of two dominant shrub
species with climatic variables like air temperature and precipitation, and explore species
4

identification and mapping potential with RGB images. Specifically, this research will address the
following objectives and underlying question for key plant species at the JRN-UTEP site for the
time period 2010-2019:
Objective 1:

Can a detection be made for primary production phenophase patterns of creosote
and honey mesquite development in a Chihuahuan Desert from a decade-time series
with different observers and its climate?
a. What are the patterns of creosote and honey mesquite primary
productivity phenology?
b. What is the seasonal variability of phenology patterns in a decade of
observations?

Objective 2:

Can a species level vegetation map be generated from low cost, high-resolution
RGB images taken from a UAV?
a.

Are RGB spectral signatures distinct enough to differentiate creosote

and honey mesquite?
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2. Study Area
2.1 Introduction
The Systems Ecology Laboratory at the University of Texas at El Paso (US-Jo1: Jornada
Experimental Range Bajada Site) maintains an instrumented site located at Latitude: 32.581956
and Longitude: -106.635025 in the southeast corner of the USDA Jornada Experimental Range
(JER, Figure 1) in southern New Mexico and the northern Chihuahuan Desert. This study area has
been managed by the United States Department of Agriculture Research Services (USDA-ARS)
since 1912, which has also hosted the National Science Foundation- funded by the Jornada Long
Term Ecological Research (JRN-LTER) since 1981. The US-Jo1: Jornada Experimental Range
Bajada Site is part of the LTER network that includes 26 other sites found in the U.S. dedicated to
sustaining long term data observations pertinent to advancing understanding of how ecosystem
vary over time and/or respond to environmental perturbation. The Chihuahuan Desert is considered
to be 9000 years old and is hypothesized to have had three transitions from grasslands to shrublands
during the past 3000 years (Van Devender 1995). Its boundary differs depending if it is based on
vegetation or climatic indices, but the most widely system is the Martonne aridity index of 10,
which is based on temperature and rainfall (Schmidt 1979 from Havstad et al., 2006). Since its
inception as a dryland research station by the USDA (1912), the JER has made many significant
contributions in researching the causes of desertification (D'Odorico et al., 2012).

More

specifically, desertification in this case involves environmental as well as human drivers with a
focus at finer spatial scales (Reynolds and Stafford Smith 2002, from Havstad et al., 2006).
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Figure 1: (a) US-Jo1 research study site located at the Jornada Experimental Range. (b)
Chihuahuan Desert

2.2 Climate
Climatically, the study site is in the high-pressure cells near the 32° latitude grid far from
marine moisture, and in the rain shadow of the Sierra Madre Occidental and the Sierra Madre
Oriental (Shmida, et al., 1985 & Sowell, 2001). Mean annual precipitation recorded at Jornada’s
headquarters between 1915 and 1995 is 245.1 mm with a high inter-annual variability. The lowest
annual precipitation occurred in 1953 with 77.0 mm of rain, and the highest occurred in 1984 with
507.2 mm of rain (Havstad et al., 2006). In average, more than 50% of the annual precipitation
7

typically arrives in a few storm events associated with a late summer monsoon from July 1 through
September 30th. The annual mean, high and low temperature are: ~24°C, 36°C, and 13°C,
respectively (Wainwright, 2016), although on February 3rd 2011, the temperature recorded was
below -15°C at the US-Jo1: Jornada Experimental Range Bajada Site. The open path eddy
covariance tower established at the US-Jo1 has been recording microclimate observations since
2010, showing that precipitation typically falls between July 1 and September 30 (Figure 2).
3.

Figure 2: Daily average across 2010-2019 in millimeters

2.3 Landscape (Geography, soil)
The surrounding study site is part of the Rio Grande rift tectonic system, which has been active
for the past 35 million years (Seager 1975 from Havstad et al, 2006). The Jornada Basin, one of
three basins forming the rift, is surrounded by north-south mountain ranges causing sediment
formation into the basin, creating pore spaces between the sediments particles for rain to seep into
the ground (Hweley and Lozinsky 1992). The major landscape of the Jornada Basin are: (1)
mountain and hills, (2) piedmont slopes (bajadas), (3) basin floors, and (4) the Rio Grande Valley.
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The highest elevation is 2,747 meters in the mountains with the lowest in the valley of 1,180
meters. Soil development has been influenced by fluctuations in climate, parent material and its
topographic position (Gile et al., 1981).
2.4 Vegetation
The Chihuahuan Desert plant community has had a major shift within the past 150 years
by having a drastic shift from perennial grasslands to woody shrubs. One of the principal drivers
for this shift has been due to the high numbers of cattle brought by the Homestead Act of 1862,
and the high spatiotemporal variability of aboveground net primary productivity (Havstad et al.,
2006). This shift is typical of many arid and semiarid regions of the world, including Western
United States, northern Mexico, southern Africa, South America, New Zealand, and Australia
(Havstad et al., 2006), with the high correlation of NPP and unpredictable water availability (NoyMeir 1973) to typically leads to desertification. The area has been classified in the past as desertgrasslands, desert savannas, and now more known as desert shrub grasslands (Shreve 1917, Shantz
and Zon 1924, Darrow 1944). The five major vegetation types have been classified: (1) dessert
grasslands dominated by black grama (Boutella eriopoda), (2) Playa grasslands, (3) Shrublands
dominated by tarbush (Flourensia cernua), (4) Shrublands dominated by creosotebush (Larrea
tridentata), and (5) Shrublands dominated by mesquite (Prosopis glandulosa). For this study on
phenology, two of the most dominant plant species found at the site will be observed, Honey
Mesquite (Prosopis glandulosa) and Creosote Bush (Larrea tridentata) during a decade.
However, for classification purposes tarbush (Flourensia cernua) and snakeweed (Gutierrezia
sarothrae) will be used.

9

2.4.1 Honey Mesquite (Prosopis glandulosa)
Prosopis glandulosa or its common name honey mesquite is a deciduous C3 photosynthetic
plant with an average life span of about 200 years (Gibbens and Lenz, 2001). It has extensive and
deep roots that can reach underground water, found in most soil types but is particularly prevalent
on sandy soils (Havstad et al., 2006). It is a member of the Fabaceae (legume) family, growing up
to 6 meters tall, and has been documented to have a greater total biomass below-ground then
above-ground (Gibens & Lenz, 2001a), with an ability to form symbiotic relationships with Nfixing bacteria (Geesing et al., 2000). Primarily a native to the Southwestern United states and
Northern Mexico, extending to northeast Texas, and into southern Kansas, and west southern
California, but have been introduce to Western Australia (Naito & Cairns, 2011).
2.4.2 Creosote Bush (Larrea tridentata)
Larrea tridentata or more typically called creosotebush is an evergreen drought-resistant
C3 perennial shrubs that can live up to 400 years (Miller and Huenneke 2000), found in the
southwestern United States and the Patagonian Monte of South America (Naito & Cairns, 2011).
Peters et al. (2006) found that in the Chihuahuan Desert grasslands, the areas invaded by the
creosotebush were typically sandy loam soils. It has a wide root system making them very efficient
to absorb water relative to other vegetation (internet), and can go from dry green to drier green
leaves while continually sustaining low photosynthesis levels (Oechel et al., 1972, Ogle and
Reynolds, 2002). It grows 1 to 3 meters tall, with leaves reaching 0.6 to 1.2 cm in length. They
are found typically on well-drained soils of alluvial fans and bajada slopes, making up 28-45% of
total cover in these communities (Paulsen and Ares 1962). Kurc and Benton (2010) found that
deep soil moisture (>30 cm) contributes to the green-up of creosotebush. It has spread into many
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areas of the Chihuahuand Desert during the past 150 years and is the dominant species at the study
site ( Havstad et al., 2006).
Tarbush (Flourensia cernua) and Snakeweed (Gutierrezia sarothrae)
Both, tarbush and snakeweed belong to the Asteraceae family native to much of the western
half of North America found in arid ecosystems. Tarbush, a C3 perennial shrub, has a network of
roots that can potentially extend up to four meters horizontally, and few plants can even extend up
to five meters deep into the soil (Havstad et al., 2006). Typically, tarbush is found in arroyos
where water has a propensity to accumulate more (Peters et al., 2006), and the flowers of these
shrubs are yellow, small, single and not often seen if water is limited. Snakeweed is a perennial
subshrub that measures from 20 to 100 centimeters in height, with its distinguishable presence of
yellow flowers forming in clusters at the end of the stems from mid-July to September (Farrar,
John, 2011). They are not typically found at the site, but are associated plants found in mesquite
dunes
2.5 History of research
Previous research includes understanding the controls of carbon exchange from the eddy
covariance and webcam derived greenness index data from 2010-2012 (Hernandez, 2014) (Table
1). Also, linking field-based phenophase, cameras, and a hyperspectral signature from a tram
system for 14 months to understand how plant phenophase development is related to changes in
the physical environment (Gonzalez, 2012). In 2016, multiple land cover types found throughout
the Jornada Experimental Research site, were compared in order to understand how they respond
to seasonal and inter annual climate variability for five years (Luna, 2016).
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The Jornada

Experimental Range Bajada Site (US-Jo1) research site includes recently added cameras that were
patented by Ramirez et al. (2019).

Table 1: Summary of research at the US-Jo1: Jornada Experimental Range Bajada Site.
Author

Year

Tool(s)

Variable(s)

Finding(s)

Herrera

2010

- Robotic tram system
UNISPEC

Spectral reflectance

Novel technology of robotic tram system is beneficial
to calculate vegetation indices and estimate carbon
fluxes of an eddy covariance tower

GonzalezLibia

2011

-PhenoCams
-PhenoAnalyser

Digital Phenology

Laney,
Christina

2013

rHyperSpec app

Metadata and data (e.g.
soil moisture )

PhenoCams are able to detect landscape-level
phenology using greenness indices in dry summer and
extreme winter, but not inter-annual variation
New information management systems, which
provides multifarious data sets, web services, mapping,
and graphical application.

Hernandez,
Aline

2014

-Eddy covariance
-UNISPEC
-PhenoCams

Carbon fluxes, vegetation
indices,

Monitoring seasonal interannual phenology variations
using low-cost network of webcams

Luna,
Robin

2016

-PhenoAnalyzer
- PhenoCams

Field phenology

Greater efficacy of alternate color space for capturing
phenological events, not easily discern in RGB color
spaced

Ramirez,
Gesuri

2019

-PhenoCams 2.0
-PhenoAnalyzer

Air quality

In progress

Figure 3: (a) The Jornada Experimental Range in southern New Mexico. (b) The Chihuahuan
Desert. (c) The US-Jo1: Jornada Experimental Range Bajada Site.
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3. Methods
3.1 Objective 1: Plot level phenology
3.1.1: Phenophase monitoring
Using the NPN protocols discussed in section 1.3, weekly (March – December) and bimonthly (Dec-March) phenology observations for honey mesquite (Prosopis glandulosa), creosote
bush (Larrea tridentata), tarbush (Flourensia cernua), bush muhly (Muhlengbergia porteri), and
fluff grass (Dasyochloa pulchella) have been made since March 2010. For this study, only primary
productivity phenophase of honey mesquite and creosote will be analyzed, which are the two most
dominant species found at the site. All observations were made repeatedly on tagged individual
plants with a total of 46 individual plants for honey mesquite and creosote found along the three
transects (Figure 3.) The northwest and south transect, approximately 300 meters long, consists,
each of six plots separated 50 meters apart from each other, with each plot consisting of three
individually tagged plants for creosote and honey mesquite. The east transect is situated adjacent
to a 110-meter-long robotic tram system used for weekly measurements of hyperspectral land
surface reflectance having 10 individual plants of each species. The primary production
phenophase definitions for honey mesquite and creosote are described in table 2 & 3. They
consisted of leaf-out (breaking leaf bud, young unfolded leaves) for honey mesquite and creosote;
greening (>25% of canopy that is green, >=75% of canopy that is green) and senescing (>50%
leaves fallen, all leaves fallen) for honey mesquite only. Each week the presence (1) or absence
(0) was recorded for each of the phenophases of all shrubs and grasses sampled at the site.
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Figure 4: Honey mesquite primary production phenophases: (a) Breaking leaf bud phenophase.
(b) Young unfolded leaves. (c) >25% full canopy that is green. (d) >=75% full canopy that is
green. (e) >50% leaves have fallen. (f) All leaves have fallen.

Table 2: Description of the phenophase observations for honey mesquite according to NPN
protocols.
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Figure 5: Creosotebush primary production phenophases: (a) Breaking leaf bud phenophase. (b)
Young unfolded leaves.

Table 3: Description of the phenophase observations for creosote bush according to NPN
protocols.

3.1.2: Climate Data
At the study site (US-Jo1) a meteorological tower measures precipitation and air
temperature, and has been extensible described by Aline Jaimes (Jaimes, 2014). The precipitation
is measure by a tipping bucket rain gauge (TE525-L) mounted in the 10-m tower, along with the
air temperature sensor. The tower provides digital output of the fluctuations of air temperate every
30 minutes. The daily mean, max, and min temperature will be calculated, the daily precipitation
with concurrently phenology data.
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3.1.3: Data Analysis
In order to understand the patterns of primary production phenophase for honey mesquite
and creosote following the USA-NPN, the time series of status and intensity metric or
presence/absence of a phenophase and its percentage value for that given date will be observed
from March 2010 through December 2019.

The start, peak, and end of season distribution or

even-based metric of creosote and honey mesquite primary production phenophase will be plotted
for variability comparison over the years. These different metrics will be plotted side-by-side with
mean, max, min air temperature and daily precipitation to explore any links.

The different

observers that have participated in the recording will be indicated to examine changes in data
patterns linked to observer variability.
3.2 Objective 2: Species Level Mapping
3.2.1: Mission planning
A DJI Phantom 4 Pro RGB camera UAV was flown during February and September 2019
to capture winter (when Honey Mesquite have no foliage and Creosote bush does have foliage)
and summer (when the mesquite and creosote both have foliage). The region of interest for the
UAV sampling consisted of two separate flight paths to capture the east, northwest, and south
transect used form phenophase observations (Figure 7a). Two separate flight paths were taken to
capture the area of interest (28 ha), each taking 15 minutes. The overlap of the images capture
was ~ 80% at an altitude of ~60 meters. The resolution of the digital camera is 20 megapixels with
a 1” complementary metal oxide semiconductor (CMOS) sensor to perform a continuous flight
path of the area. A total of 24 ground control points (GCPs) were established during September of
2018 in a grid pattern throughout the study site.
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3.2.2: Image processing
Each data collection consisted of 422 images for summer and 870 images for winter and
were stitched together using AgiSoft Metashape Pro (Version 1.6.2) (Figure 7b) to create an
orthomosaic (USGS, 2017). All the images were imported into AgiSoft Metashape Pro, without
deselecting any of them, and using a high accuracy setting with a key point limit at 100,000 and a
tie point limit to zero to create the sparse point cloud using the GPS coordinates of the camera.
The GCPs were added to improve the sparse point cloud real world coordinates to correctly scale
and georeferenced the points cloud to create the dense point cloud. From the dense point cloud, a
digital elevation model (DEM) was built with a 3.06 cm/pix resolution to create the orthomosaic.

Figure 6: Workflow for species classification of Honey Mesquite and Creosote bush map. (a)
DJI Phantom 4 Pro design flight path of area of the US-Jo1 study area. (b) Agisoft Metashape to
stich all images capture at the site. (c) Creosote and Honey mesquite map in ArcMap. (d)
Accuracy assessment for map validation.
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3.2.3: Classification
The final orthomosaic was analyzed using the Spatial Analyst extension toolset from
ArcMap (Version 10.5.1) to classify pixels with similar spectral properties using a Maximum
Likelihood Classification algorithm. First, the Training Sample Manger toolbar was used to create
5 classes (2 plants); creosote, honey mesquite, shadow, bare soil, and boardwalk/instruments
(Figure 7) for an area capturing the east transect and measuring 3.68 ha. After learning on its
applicability, it was applied to the whole area capturing (28 ha) with all the three transects (Figure
7). Then, two more classes were added to the 3.68 ha training area sample, snakeweed and tarbush
with a total of 7 classes to see how the classification map changed, then it was applied to the whole
area (28 ha) (Figure 8). When creating the training datasets (Figure 9a), careful selection of pure
pixels was necessary to avoid confusing the algorithm (Figure 7 & 8). The final training datasets
were saved as a signature file to create the statistical description of the classes to be applied in the
actual classification.
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Figure 7: Training samples for the 3.68 ha and 28 ha area separately including only 5 groups
(H. mesquite, creosote, Boardwalk & instruments, shadow and bare ground). The 3.68 ha was
first trained to perform a quick classification, then the whole area (28 ha) was trained.
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Figure 8: Adding more groups to the training sample to include snakeweed and tarbush,
populating more pixels over the orthomosaic.

3.2.4: Post-processing of the classified images

In most cases the classified image will consist of small regions of misclassified isolated
pixels within a correctly classified object, giving it a “salt and pepper” appearance. ArcMap
provides a set of tools for this issue in the Spatial Analyst tool from the Generalization toolset.
This include removing isolated pixels, smoothing class boundaries, and reclassifying the isolated
regions of pixels to the nearest classes. In this study the Majority Filter tool will be used with a
three-by-three kernel window, followed by the Boundary Clean tool by sorting zones in
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descending order by size. Zones with larger total areas have a higher priority to expand into zones
with smaller total areas.

3.2.5: Accuracy assessment
The accuracy assessment in this case was compared to the classified image with the highresolution orthomosaic from winter and summer imagery through a confusion matrix. First, a
simple random sampling method was used to create a shape file with a set of validation points
from the high resolution orthomosaic image for each category of group used in the training set
(Figure 9a, b, c). This step is separate or independent from the image training and classification
step described above. Five distinct sets of validation groups (creosote, honey mesquite, shadow,
bare ground, and boardwalk, instruments in one group), were selected from the image for the 3.68
ha area, then for the 28ha. The addition of two more groups (tarbush and snakeweed) were added
afterwards for the 3.68 ha area then for the 28 ha. When selecting the validation points for creosote
and mesquite from the orthomosaic image, the winter image was used to improve selection of each,
since the mesquite has no leaves in the winter months from last week of December through the
beginning of April, and creosote maintains its foliage throughout the winter. Also, when selecting
validation points from the high resolution-image, field phenology plots were observed as well, for
the training to be more accurate. The total validation points, summarized in Table 4 & 5, were
exported as a raster file (Figure 9c) using the Conversion Tool in ArcMap after manually selecting
them from the high resolution orthomosaic image (Figure 9b). This will make it possible to
compare the accuracy or validation points in ArcMap with the classified vegetation map pixel by
pixel in order to create the confusion matrix by using the Combine Tool under the Spatial Analyst
extension.
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Figure 9: (a) Training (red) and validation (blue) data points for the 3.68 ha and 38 ha ROI. (b)
Shape file of validation points. (c) Raster with pixel size validation points.

Table 4: Number of validation pixels for the 2 group plant of 3.68 ha and 28 ha.

Table 5: Number of validation pixels for the 4 group plant of the 3.68 and 28 ha.
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4. Results
4.1 Objective 1: Plot Level Phenology
4.1.1 Status & intensity metric
Honey mesquite
The leaf-out cycle for honey mesquite beginning with breaking leaf buds typically start
after the month of March and decreasing in June, with a second budding season on June/July, when
the monsoon season starts (Figure 10c). Young unfolded leaves appear right after the breaking
leaf buds, and have a constant presence from April till December, this might be the indication of
the second start of breaking leaf buds when the rain develops over the months of July through
September (Figure 10d). The greening cycle phenophase for honey mesquite starts with >25% of
canopy that is green, in mid-April, followed with >=75% of canopy that is green in May, some
even start to express >25% of canopy that is green phenophase in mid-April and some even until
June (Figure 10e & 10f). The phenophase >=75% of canopy that is green shows a typical 100%
presence the last week of April till the beginning of December. Senescing phenophase has a sharp
peak for >50% of leaves fallen being expressed mostly on mid-October, and even until the
beginning of November (Figure 10g & 10h). The all leaves fallen phenophase, mostly start at the
beginning of November, to mid-December, with their last presence once the new season of
breaking leaf buds starts again.
Creosote
Creosotebush being an evergreen has leaves throughout the year, with patterns of
slowdowns mostly due to temperature. For example, on March 2011 the leaf-out cycle for
breaking leaf bud of creosote dropped 74%, and slowly increase around April to a 13% drop with
another bottom drop to 37% (Figure 10i). Other areas that showed decrease activity in breaking
23

leaf bud phenophase were November/December 2013 through April 2014, and after August 2016
several drops of breaking leaf bud phenophase are seen (Figure 10i). A 100% drop in breaking
leaf bud shows in four distinct time frames; January 2013 until April, November/December 2014
through March/April 2015, December 2015 through March 2016, and November/December 2018
through March/April 2019 (Figure 10i). This drop in all breaking leaf bud phenophase seems to
be correlated with the winter season. Young unfolded leaves drop on the same time frame on
March 2011 as breaking leaf buds did by 75%, increasing around April to a 13% drop with another
bottom drop by 37% (Figure 10j). The next drop of young unfolded leaves activity showed until
January/February 2015 with a 75% drop. Beginning August 2016 less young unfolded leaves
activity is recorded (Figure 10j).
Climate and observer variability
The effect of temperature shows a clear effect on all the primary production phenophases
of honey mesquite.

That is when the temperature drops or winter begins all the leaf-out

phenophases of honey mesquite (Figure 10c through 10f) have very little to no activity. This is
reversed for senescing phenophases, which the activity starts to increase (Figure 10g) or is at its
peak (Figure 10h). Creosote also shows this but with less consistency and can only be seen mostly
for the breaking leaf bud phenophase (Figure10i).
The effects of observer variability become apparent, mostly for creosote. The vertical red
lines in Figure 10 describe individual main observers that took part in the recording. Over the
years several observers took part in the decadal time frame of these data. We can see that observer
1, 2, and 3 had different signature patterns of the status and intensity metric, especially for
creosote’s phenophase of breaking leaf bud and young unfolded leaves (Figure 10j).
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Figure 10: This figure shows climate variables aligned with phenological status & intensity
metrics from 2010-2019. (a) Daily rain precipitation (mm/day), (b) Minimum, mean, &
maximum temperature in ºC, (Degree-C), Status-and-intensity based metric for honey mesquite
phenophases: (c) breaking leaf bud, (d) young unfolded leaves, (e) >25% full leaf canopy, (f)
>=75% full leaf canopy, (g) >50% leaves have fallen, (h) All leaves have fallen. Status-andintensity based metric for creosote phenophases: (f) breaking leaf bud, (g) young unfolded
leaves, and for creosote: (i) Breaking leaf bud (j) Young unfolded leaves. Blue vertical lines
represent each year; red vertical lines represent different main observers that took part in the
recording of phenology.

4.1.2 Event based-metric
Honey mesquite
The peak leaf-out start date for breaking leaf bud and young unfolded leaves of honey
mesquite over the years is the first week of April (Figure 11a&11b). The start dates range from
the end of March, mostly concentrating on the beginning of April, but extending start dates as far
as mid-May for year 2011. Young unfolded leaves show a similar pattern that follows right after
breaking leaf bud, indicating from the end of March to year 2011, and 2013 extending out to the
month of May. The peak for the greening cycle is mid-April for >25% full leaf canopy, and end of
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Arpil for >=75% full leaf canopy. Year 2013 expressed >25% full leaf canopy until May to mid
June, as well as for >=75% full leaf canopy for year 2010 and 2011. Senesce phenology typically
start with phenophase, >50% leaves fallen at the beginning of October and last until early January
(Figure 12a). and all leaves fallen start towards the end of October and a few plants last until
Februrary (Figure 12b).

Figure 11: Primary production phenophase of honey mesquite for event-based metric from
2010-2019 using boxplots with density plots. a) Breaking leaf bud. b) Young unfolded leaves. c)
>25% Full canopy leaf size. d) >=75% Full leaf size of canopy.
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Figure 12: Primary production phenophase of honey mesquite for event-based metric across
2010-2019 years using histogram. a) >50% Leaves Fallen. b) All Leaves Fallen.

Creosote
The peak value for breaking leaf bud from 2010-2019, shows two separate values, one in
mid-January, and the other around mid-March (Figure 13a). For young unfolded leaves there is
one peak value, what seems to correspond at the same date as breaking leaf bud mid-January
(Figure 13b). Year 2010 recorded the start of breaking leaf bud in the beginning of March, but
only because it was the start of all observations and previous observations were not taken. Four
out of the nine years, start showing their first breaking leaf bud in January, except
2015,2016,2017,2018, and 2019. Young unfolded leaves have a similar pattern, and most years
except 2013, 2018, and 2019 start on the month of January.
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Figure 13: Primary production phenophase of creosotebush for event-based metric from 20102019 using boxplot with density plots. a) Breaking leaf bud. b) Young unfolded leaves.

4.2 Objective 2: Species Level Mapping
4.2.1: Image Processing and Classification
All images were used in the capture of the 28-hectare area encompassing the phenology
transect for the final processing. The survey image data acquisition an image overlap of 267,790
tie points and an error re-projection of 0.167 pixel. Both summer and winter final orthomosaic
images were done, but only the summer was classified and the winter orthomosaic only helped in
the accuracy assessment section to distinguish with certainty the difference between creosote and
honey mesquite.
The study site measures a total of 28 hectares (Figure 14a) with most of the vegetation
composed of honey mesquite and creosote, and with a concentrated area of different species
including snakeweed and tarbush mostly concentrated in the northwest section of the map (Figure
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19). If the model was trained to recognize the two most populated species found in the area (h.
mesquite and creosote), for both the 3.68 ha and 28 ha area, the algorithm classified the tarbush as
boardwalk (Figure 17). However, if the model was trained with 4 plants, tarbush pixels on some
occasions would get miss-classified around the honey mesquite and boardwalk (Figure 18), but
seem to classify each true tarbush correctly (Figure 18). The classification for the northwest
section of the map has a lot more complexity of plant species then the rest of the map, this made
it difficult to ground truth the data correctly with the high resolution RGB image (Figure 19). The
post-processing of the classified map, increase the appearance from a less “salt and pepper” effect
to a more real life appearance (Figure 20 & 21).

Figure 14: Overview of 28 ha study site (a) and 3.68 section (b) with zoomed in classified
examples of Figures 15, 16, 17, 18, and 19.
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Figure 15: Classified map using the two plant group (h. mesquite & creosote) as the training
data set with post-classification done of the RGB image.

Figure 16: Classified map with training data set of 4 plants (h. mesquite, creosote, snakeweed,
and tarbush) of the RGB image.
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Figure 17:Classified map of (b) 28 ha and (c) 3.68 ha with training data set of two plants (h.
mesquite & creosote), with tarbush classified as boardwalk with the original (a) RGB
orthomosaic.

Figure 18: Classified map of (b) 28 ha and (c) 3.68 ha with training data set of 4 plants (h.
mesquite, creosote, snakeweed, and tarbush), with tarbush classified correctly with the original
(a) RGB orthomosaic.
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Figure 19: Represents the northwest section of the study area. (a). RGB orthomosaic image (b).
Classified map of the 28 ha area for the 2 plant group. (c). Classified map of the 28 ha area for
the 4 plant group.

32

Figure 20: Post-classification using the majority filter, and boundary clean tool in ArcMap for
the 2 plant group.

Figure 21: Post-classification using the majority filter, and boundary clean tool in ArcMap for
the 4 plant group.
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4.2.2: Accuracy Assessment
In total, four accuracy assessment tests were done; the group of 2 plants in the 3.68 ha and
28 ha area, and the group of 4 plants in the 3.68 ha and 28 ha (Table 6 & 7). As the method section
describes the procedure for the accuracy assessment workflow, which everything was done
manually, the results for each confusion matrix shows a very promising result. The final results
for kappa coefficient for each map is from 95% in the 4 plant group with the 28 ha area (Table
7b), 97% for the 3.68 ha area (Table 7a). The group 2 plants show a 96% for the 28 ha (Table
6b) and a 98% for the 3.68 ha (Table 6a). The overall and balanced accuracy was performed, but
according to Brodersen et al., 2010, a balance accuracy is more appropriate when the classes are
not equally represented, as in this example. The balance accuracy for the 2 plant group has a 99%
for the 3.68 ha (Table 6a), and a 94% for the 28 ha (Table 6b); and for the 4 plant group a 97%
for the 3.68 ha (Table 7a) and a 93% for the 28 ha (Table 7b).
The user’s accuracy, represents the probability that pixel classified into a given category
actually represents that category on the ground, which for the 28 ha area for both 2 plants and 4
plants a user’s accuracy for the boardwalk/instruments group is 73% and 70%, respectively. For
the tarbush on 3.68 ha and 28 ha for the 4 plant group is 89% and 90%, respectively. However,
other than these groups the user’s accuracy is higher than 90%. The producer’s accuracy shows
to be the lowest at 91% for both the 3.68 ha and the 28 ha for the 4 plant group.

34

Table 6: Confusion matrix for 2 plants of (a) the 3.68 ha area. (b) of the 28 ha.
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Table 7: Confusion matrix for 4 plants of (a) the 3.68 ha (b) the 28 ha.
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4.2.3: Summary statistics
The overall area is roughly 28 hectares in size, with a 95%-pixel percentage total consisting
of bare ground, creosote, and honey mesquite. This shows creosote bush to be the most dominant
plant found at the site with an almost 20% presence, compared to honey mesquite with a 5%
presence. The manufactured areas, like the boardwalk and instrumentation located there consist
of less than 5%, with shadow pixels consisting of roughly 2% of pixels.
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Figure 22: Summary statistics of pixel percentage for the 4 plant group 28 hectare vegetation
map of each classified group.
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5. Discussion & Conclusion
5.1 Objective 1: Phenophase Monitoring
The aim of objective 1 was to understand the patterns of primary production phenophase
development of creosote and honey mesquite from a 10-year data set having different skilled
participants collecting the data over the years and correlating any changes with temperature and
precipitation. Specifically, the question was, can a detection be made for the start, duration, and
magnitude of primary production of both shrubs? Understanding the drivers and mechanism of
leaf-out phenology will require long-term standardized and well defined data across different
spatial levels for improving conservation services in the face of climate change, especially in
drylands. Honey mesquite, showed an overall consistency for start of season and end of season
with all years having a second start in breaking leaf bud phenophase around the month of July, and
for years 2012, 2014, and 2016 having a third start in breaking leaf buds. Start of season is
typically at the beginning of April for honey mesquite, and senescing lasts from November to the
beginning of April, when a new cycle of breaking leaf bud phenophase starts.
The results here showed that observer variability had a great impact, especially with
creosote.

Creosote has a subtler change for leaf-out development and shows more evidence of

observer variability than honey mesquite. However, in both cases temperature shows to be an
important driver. As it shows that a decrease in temperature, during the winter months, a decrease
activity of leaf-out development for both species can be made, but not very clear for creosote due
to observer variability.
Several studies have brought this issues into light by quantifying the accuracy and precision
of ground phenology observations in forest trees, offering estimates of uncertainty (Liu et al.,
2020). Several solutions were presented, from combining camera-based with ground phenological
38

observations to training observers repeatedly throughout the time frame of the recording or
observer inter-calibration. Other studies have used ground phenology observations to validate
UAV-derived phenophase transition dates (Klosterman et al., 2018). Phenological indexes from
remote sensing like digital webcam and UAV may help mitigate this, but ground phenology
observation is still needed for the quantification and understanding the mechanism of vegetation
development.

5.2 Objective 2: Species Level Mapping
The aim for objective 2 was to test the ability of a high-resolution drone camera using RGB
spectra to create a vegetation classification of the study site. Creating new ways to detect the lifecycle of plants from greening to senescing by remote sensing techniques like UAV, have become
popular since they can have an advantage for efficient data gathering over a broad area. In this
study, the main vegetation found at the study site was classified, including honey mesquite,
creosote, tarbush, snakeweed, boardwalk/instrumentation, shadow, and bare ground with a simple
algorithm like maximum-likelihood.

To test the accuracy of the vegetation map, the balance

accuracy was used since the group class category was not equally represented. The producer’s
and user’s accuracy represent how well the real-world pixels are classified, and the probability that
a pixel classified into a given class actually represents that class, respectively. The overall
summary for these maps shows that when the whole site (28 ha) is classified roughly 25% of the
time the boardwalk is misclassified as bare ground for both the 2 group and the 4 group plant,
given the higher percentage amount of bare ground compared to other classes (Figure 22). Also,
the same maps as previously described, shows roughly the same amount of misclassified creosote
as honey mesquite for the whole site (28 ha). One important point here is that when classifying
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only the two most dominant plants found at the study site, the real world tarbush is classified as
boardwalk (Figure 17), when including tarbush in the classification it is correctly classified
(Figure 18). Another interesting observation is that the boardwalk is replaced in some pixel areas
of the classified map as tarbush in the 4 group plant map for both 3.68 ha and 28 ha (Figure 16)
and can be seen in the class-by-class producer’s accuracy of boardwalk (Table 7).
A simple maximum-classification was used to map the species found at the site. Other
studies using an RGB-high resolution camera and the maximum-likelihood classification
algorithm in ArcMap have had similar results, showing that an UAV with an accuracy of 90-96%
can be used to monitor plant disease (Mattupalli et al., 2018). This shows that a high resolution
camera with UAV can help quantify the main vegetation of the study site. The combination of
machine learning, and knowledge of the area could be used to trained the algorithm.
5.3 General Conclusion
The overall goal in this study is to further our understanding of dryland systems by linking
ground and landscape phenology in a honey mesquite and creosote dominated ecosystem.
Although drylands make up a large portion of the earth’s terrestrial sphere, giving them a huge
importance for the goods and services of the future, only 3% of the International Long-Term
Ecological Research (ILTER) sites are located in desert-scrub systems (Smith et al., 2019). Yet,
drylands have been crucial in understanding the global CO2 trends, and are in need for further
analysis as to what are their main drivers, and how they affect the global ecosystem. This is why
the need to monitor trends and patterns at different spatial and temporal scales are of high research
importance. Plant phenology has had a long history and has gained an important role in quantifying
the plot, with an emergence of remote sensing to capture the landscape and regional areas. The
emergence of several agencies like the USA-NPN and NEON, at the national level and its protocols
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has given researchers the opportunity to understand what works, and what has failed. The work
presented here has pointed to the need to develop a better workflow for recording, checking and
analyzing phenophase observation in the field, with iterating what works and improving
definitions. It has shown that different observers when recording phenology at the plot level have
their own signature (Figure 10i & 10j). Remote sensing, especially fast image acquisition and
high ground resolution, like RGB-UAV, can help to correlate phenology observations from the
ground.
5.4 Suggestions for future work
Ground phenology observation is being used by national and international agencies for
forecasting and understanding the effects climate change has on the Earth’s system. This work
has brought a closer understanding of the issues with ground phenology observation, mainly
observer variability. Other studies that have acknowledge this issue have explained the need in
capturing this uncertainty from observer variability (Liu et al., 2020). A few recommendations for
future improvements to continue long-term phenology vegetation include: 1) creating an archive
of videos that describe each phenophase, 2) adapt the measurement protocols to match those of the
USA-NPN that were developed after phenophase measurements at the site began, although this
will result in a loss of time series, 3) keep rigorous monthly progress reports that compare new
measurements with historic measurements.
Keeping video archives of well defined phenophase measurements for future observers
with different skill sets, can help improve the quality of these observations since this can help to
cross-calibrate the subjectivity of observers. Also, keeping exact observations as other networks
are doing, like the US-NPN, helps to maintain less variability when trying to compare different
regions across the states, or even globally. The USA-NPN is a good program and utilizes
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standardized and precise definitions, that allow citizen scientists to download their protocols for
different species, including the ones used for this study. Also, having a reiterative data exploration
on a monthly or seasonal basis can help spot anomalies and errors quicker.
This study has also shown, the usage of simple RGB image processing and vegetation
classification could be applied on a seasonal time frame for capturing vegetation change at the
study site, since the area is not very complex, mostly consisting of a homogeneous structure of
bare ground, creosote and honey mesquite, with a more complex structure of plants located in the
northwest section of the map. During the peak months (July, August, September), the capture of
images through the UAV proved to be ideal for vegetation classification. The winter vegetation
map resulted in honey mesquite being over represented by shadows created by the creosote.
Acquisition of imagery under overcast conditions may help to reduce shadow-effects and help
improve the winter map. Furthering this workflow by applying a vegetation index based on visible
light has the advantage of fast image acquisition for real-time vegetation dynamics, and could help
with multi-source data fusion of coarser satellite vegetation indices.
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